Extensive research has implicated the amyloid-␤ protein (A␤) in the aetiology of Alzheimer's disease (AD). This protein has been shown to produce memory deficits when injected into rodent brain and in mouse models of AD A␤ production is associated with impaired learning and/or recall. Here we examined the effects of cell-derived SDS-stable 7PA2-derived soluble A␤ oligomers on consolidation of avoidance learning. At 0, 3, 6, 9 or 12 h after training, animals received an intracerebroventricular injection of A␤-containing or control media and recall was tested at 24 and 48 h. Immediately after 48 h recall animals were transcardially perfused and the brain removed for sectioning and EM analysis. Rats receiving injections of A␤ at 6 or 9 h post-training showed a significant impairment in memory consolidation at 48 h. Importantly, impaired animals injected at 9 h had significantly fewer synapses in the dentate gyrus. These data suggest that A␤ low-n oligomers target specific temporal facets of consolidation-associated synaptic remodelling whereby loss of functional synapses results in impaired consolidation.
Introduction
Alzheimer's (AD) disease is the most common human dementia and as such places a huge emotional and economic burden on patients, carers and society (Ferri et al., 2005) . Pathologically, the Alzheimer brain is characterized by atrophy and microscopically there are decreases in the numbers of neuronal cell bodies in the limbic and association cortices and certain subcortical nuclei (Gómez-Isla et al., 1997; Uylings and de Brabander, 2002) along with numerous amyloid plaques and neurofibrillary tangles (Terry, 1963; Kidd, 1964) . Many studies have examined the relationship between cognitive impairment and plaque and tangle counts, and while in general, the number of neurofibrillary tangles correlates better with severity of dementia than the number of amyloid plaques, the most robust correlation in the staging of dementia and early AD is the magnitude of synapse loss (Davies et al., 1987; Masliah et al., 2001; Scheff et al., 2007) . Quantification using electron microscopy or immunohistochemical staining for synaptic markers has documented significant decreases in synaptic density in the association cortices and hippocampus of AD brain (Davies et al., 1987; Bertoni-Freddari et al., 1989; DeKosky and Scheff, 1990; Masliah et al., 2001; Terry et al., 1991; Sze et al., 1997) . Moreover, the decrease in synapse number and density seems disproportionate to the loss of neuronal cell bodies (Davies et al., 1987; BertoniFreddari et al., 1989; DeKosky and Scheff, 1990) , suggesting that synapse loss may precede neuronal demise.
In AD the molecular pathways leading to synaptic pruning and dysfunction are not well understood, but substantial data indicate that the amyloid ␤-protein (A␤) may be responsible for these affects (Klein, 2001; Walsh and Selkoe, 2004) . Biochemical analysis of AD postmortem tissue has revealed a robust correlation between A␤ levels and the extent of synapse loss and severity of cognitive impairment (McLean et al., 1999) . A␤ can exist in a variety of conformations and aggregation states and more recent studies have demonstrated that it is the non-fibrillar forms of A␤, that preferentially alter neuroplasticity (Lambert et al., 1998; Wang et al., 2002; Walsh et al., 2002; Shrestha et al., 2006; LaCor et al., 2007; Calabrese et al., 2007; Shankar et al., 2007 Shankar et al., , 2008 and impair learned behaviours in rodents (Cleary et al., 2005; Lesné et al., 2006; Poling et al., 2008; Shankar et al., 2008) . However, to date, no study has directly demonstrated the effect of soluble nonfibrillar A␤ on the activity-dependent alteration of synapse number and structure that is known to accompany memory consolidation (Marrone, 2007) . Here we have examined the effect of cell-derived, SDS-stable low-n A␤ oligomers on the synapse remodelling that transiently increases in the molecular layer of the rat hippocampal dentate gyrus at the 6-9 h post-training time and returns to basal levels at 72 h following training in an avoidance conditioning paradigm (O'Malley et al., 1998) . These SDS-stable low-n oligomers are detected with a variety of anti-A␤ antibodies, migrate on denaturing SDS-PAGE and elute from native size exclusion with sizes consistent for A␤ dimers and trimers . Moreover, medium from cells containing such species prevent the learning-associated transient increase in synapse number and the effective consolidation of memory.
Methods

Reagents and antibodies
All reagents were obtained form Sigma (Ireland) unless otherwise stated.
Preparation of Aβ-containing medium
7PA2 cells are a Chinese Hamster Ovary line that stably express human APP 751 containing the V717F mutation and have been used extensively to study the effects of SDS stable A␤ low-n oligomers (Walsh et al., 2002) . Cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, penicillin/streptomycin, L-glutamine and G418. Once confluent, they were washed and then cultured overnight (15 h) in plain DMEM. Conditioned medium (CM) was collected, spun at 1000 × g to remove cellular debris, aliquoted and stored at −80 • C pending use.
Detection and immunodepletion of Aβ from 7PA2 CM
To confirm the presence and abundance of A␤ monomer and SDS-stable low-n oligomers, duplicate aliquots (3 ml) of CM were analysed using a sensitive immunoprecipitation (IP) western blot (Wblot) technique (Walsh et al., 2002) . Samples were immunoprecipitated overnight with the novel polyclonal anti-A␤ antibody, AW8, used at a dilution of 1:80, AW8:CM, and Wblots were probed using the monoclonal antibody, 6E10 (1:1000, Signet, Dedham, MA). AW8 antiserum was raised against aggregated synthetic A␤ 1-42 and contains antibodies to several different A␤ regions (McDonald et al., submitted for publication) and is very effective at immunoprecipitating A␤ from 7PA2 CM, but only weakly recognizes APPsa. When used for immunohistochemistry AW8 readily detects amyloid deposits and congophilic amyloid angiopathy, but does not detect APP which is abundant in dystrophic neurites (McDonald et al., submitted for publication). A␤ detection and quantification was carried out using IR800 secondary antibody (1:2500, Tebu-bio Ltd, UK) and a Li-Cor Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE).
Animal maintenance
Male Wistar rats, 375-425 g, were obtained from Charles River, UK and allowed to acclimate for 5 days prior to surgery. Animals were housed in groups of three with a 12 h light-dark cycle at 22 ± 2 • C with food and water provided ad libitum. During this period the animals were introduced to the test room and handled for at least 3 days prior to surgery.
Surgical procedures
All experiments were carried out in accordance to guide lines and under licence from the Department of Health, Ireland. Surgery was performed as previously described (Seymour et al., 2008) . Briefly, rats were anaesthetised with a mixture of ketamine/medetomidine and a unilateral guide cannula (22 gauge, Plastics One, Roanoke, VA) was positioned in a small burr hole was drilled in the skull over the lateral ventricle (1.6 mm lateral, 1 mm posterior to bregma; Paxinos and Watson, 1986) , secured with acrylic cement and a dummy cannula, cut to the same dimensions as the guide cannula, was used to maintain patency of the guide cannula. The animal was recovered with Antisedan and post-operative pain relief was provided by subcutaneous injection of Carprofen. In all cases animals were allowed to recover for at least one week prior to behavioural training.
Open-field analysis
To confirm that implantation of cannulae did not adversely affect overt behaviour or motor function, animals were placed in an open-field box for 5 min on each of two days prior to Fig. 1 . A␤ oligomers induce amnesia of an avoidance conditioning paradigm when infused at a discrete post-training time. Animals were trained at time zero and injected with sample either immediately after training or at 3, 6, 9 or 12 h post-training. Thereafter animals were tested for recall first at 24 h post-training and then again at 48 h post-training (A). Immunoblotting with the anti-A␤ monoclonal antibody, 6E10, reveals the typical pattern of A␤ monomer (M), dimer (D) and trimer (T) in AW8 immunoprecipitates from 7PA2 CM (B). In contrast IP/wblot analysis of immunodepleted avoidance training. The total distance traveled and number of rears in the apparatus was determined using Ethovision TM software. Open-field behaviour was also assessed just prior to the 24 and 48 h recall times.
Passive avoidance learning and recall
At training, animals were placed in the light compartment and when they entered the dark compartment a light foot shock (0.75 mA scrambled every 0.5 s) was delivered through the grid bar floor (Fox et al., 1995) . Animals were judged to have acquired the task if they remained in the lighted chamber for a period of 30 s after the time of receiving the footshock. Following training animals were returned to their home cages and then tested for recall (10 min criterion) 24 and 48 h post-training by placing them into the light compartment and noting their latency to enter the dark compartment. All behavioural experiments were carried out blind to the treated groups. Moreover, all animals that received an ICV injection were included in the behavioural analysis. Results were analysed using the Mann-Whitney U-test for non-parametric data, and p values of less than 0.05 were considered to be significant.
Intracerebroventricular (icv) injection of 7PA2 media
Following avoidance training, animals were injected with 5 l of either 7PA2 CM or 7PA2 CM immunodepleted of A␤ (ID 7PA2) at a rate of 1-2 l/min delivered just following training (0 h), and at the 3, 6, 9 or 12 h post-training times (Fig. 1A) . The effect of the icv injections on memory recall was assessed at the 24 and 48 h post-training times.
Electron microscopy
Following transcardial perfusion (4% paraformaldehyde/2.5% glutaraldehyde, pH 7.4) brains were dissected, coronal sections (100 m) collected at 3.3 mm caudal to bregma, post-fixed (1% osmium tetroxide) and embedded with epoxy resin (Agar 100; Agar Scientific). The hippocampus was excised, re-embedded in resin and serial ultrathin (ID) 7PA2 CM detected no A␤. To allow estimation of A␤ concentration, known amounts of synthetic A␤ 1-40 were included on the same gel. Animals were injected once with 7PA2 CM or immunodepleted 7PA2 CM at 0, 3, 6, 9 or 12 h following training and tested for recall at 24 h and 48 h (C and D, respectively). 7PA2 CM-induced deficits in consolidation of avoidance training are dependent on timing of icv injection. At 24 h recall there were no significant differences in escape latencies between the groups at any of the injection times studied. However, at the 48 h recall there was a strong time-dependent decrease in escape latency in the 7PA2 CM injected animals which was significant in the 6 and 9 h injection groups ( * p < 0.05 and ** p < 0.01, respectively; Mann-Whitney U test). Values are expressed as mean ± standard error and the group sizes are indicated in each column.
sections (80 nm) were collected in pairs on electron-lucent coated slot grids (2 mm × 1 mm; Agar Scientific, U.K.), counter-stained using uranyl acetate (5%, w/v distilled water) and lead citrate (0.3%, w/v in 0.1 M sodium hydroxide) and examined in a Tecnai G2 Spirit BioTWIN electron microscope.
Quantification of synapses employed double disector, unbiased stereology (Sterio, 1984) . The number of synapses was counted at a magnification of 20,500×, with a Gunderson frame that covered an area of 13.3138 m 2 . The number of synapses present in the 'look-up' but not 'reference' section was estimated for each animal in up to 25 disector pairs according to previously described rules (Gundersen, 1977) . A synapse was only counted if it contained 3 or more vesicles in the presynaptic element and a postsynaptic density. Parametric statistical comparisons were made using the Student's t-test and p values <0.05 were taken to be significant.
Results
Intracerebroventricular infusions of medium containing SDS-stable 7PA2-derived soluble Aβ oligomers impair consolidation of avoidance conditioning in a time-dependent manner
Immunoprecipitation/Western blotting confirmed the presence of A␤ monomer and SDS-stable A␤ dimer and trimer in 7PA2 CM, whereas there was no detectable A␤ in 7PA2 CM that had been previously immunodepleted of A␤ (Fig. 1B) . By comparison with synthetic A␤ 1-40 standards electrophoresed on the same gel, the total amount of A␤ monomer, dimer and trimer present in 7PA2 CM was estimated as 1.89, 0.82 and 0.29 ng/ml, respectively. These concentrations are similar to those detected in 7PA2 CM by SEC/Wblot (Townsend et al., 2006) and by ELISA (Walsh et al., 2000) .
All animals used in the avoidance conditioning behaved normally when tested in an open-field apparatus (Supplemental Fig. 1 ) and were randomly assigned to receive a single injection of 7PA2 CM or ID-7PA2 CM at the 0, 3, 6, 9 or 12 h post-training times. At the 24 h recall time there was no significant difference in escape latency observed between the 7PA2 and ID-7PA2 treated groups at any of the post-training times examined (Fig. 1C) . In contrast, animals treated with 7PA2 CM exhibited an increasing reduction in their latencies to enter the darkened chamber and this trend became significant at the 6 and 9 h post-training times (Fig. 1D) . At all other time points examined the escape latencies of the 7PA2 were not significantly different from control counterparts (ID-7PA2). Moreover, all animals displayed normal openfield behaviour when assessed at the 24 and 48 h recall times (Supplemental Fig. 2 ). The complete lack of effect of 7PA2 CM at the 12 h post-training time confirmed that A␤ exerts its amnesic action during a critical time period of memory consolidation.
Intracerebroventricular infusions of Aβ-containing 7PA2 CM prevents learning-associated synapse remodeling in the dentate gyrus of the hippocampal formation
In order to determine if the amnesic action of A␤ oligomers related to perturbations in the synapse remodeling that accompanies consolidation of the avoidance conditioning paradigm, we determined change in synapse density within the mid-molecular layer of the hippocampal dentate gyrus. The A␤ oligomers were infused at two post-training time points, 3 and 9 h, selected on the basis that the learning-associated increase in synapse density is known to occur at the 6 h post-training time in a variety of tasks, including the avoidance conditioning paradigm (O'Malley et al., 1998; Eyre et al., 2003) . Ultrastructural analysis of the mid-molecular layer of the dentate gyrus revealed 7PA2 or ID-7PA2 infusions, at either time point, to be without effect on synapse form or integrity and all synapse profiles exhibited normal presynaptic vesicle content and intact postsynaptic densities at the 48 h post-training recall time ( Fig. 2A-D) . Infusions of 7PA2 or ID-7PA2 at the 3 h post-training time were without effect on dentate synaptic complement (3.47 ± 0.06 and 3.38 ± 0.13 per m 3 respectively; Fig. 2E ). In contrast, synapse density was significantly reduced (∼48%) in animals treated with 7PA2 media (2.32 ± 0.1 per m 3 ) at the 9 h post-training time, an effect not observed with infusion of ID-7PA2 media (4.44 ± 0.04 per m 3 , Fig. 2F ). These observations suggest A␤ oligomers specifically inhibit synapse remodeling that accompanies learning and memory consolidation.
Discussion
Considerable recent research has focused on small soluble forms of A␤ as a potential cause of the cognitive deficits that characterize AD (Klein et al., 2001; Walsh and Selkoe, 2007) and in the present study we provide evidence that ventricular infusion of cell-derived low-n A␤ oligomers leads to reduced synapse density necessary for the synaptic remodellng that accompanies memory consolidation. Much of the previous work involving intracerebroventricular injection of either synthetic or cell-derived A␤ has focused on spatial reference memory or working memory (Nakamura et al., 2001; Cleary et al., 2005; Lesné et al., 2006; Poling et al., 2008) . In this study we employed a passive avoidance paradigm because its rapid acquisition ensures the synchronization of subsequent memory-associated neuroplastic events and afforded us the opportunity to examine long-term memory consolidation (Nakamura et al., 2001; Fox et al., 1995; Seymour et al., 2008) .
Using this avoidance conditioning task we could demonstrate infusions of low-n A␤ oligomers to most effectively induce amnesia when administered in the 6-9 h post-training time, a period that coincides precisely with the transient increase in synapse number that accompanies consolidation of this task (O'Malley et al., 1998) . Such time-dependent perturbations of memory consolidation are not unique to A␤ oligomers as, by way of example, infusions of antibodies to the neural cell adhesion molecule (NCAM) or peptide antagonists of its homophilic binding mechanism are effective only when administered at the 6 h post-training time when learning-associated synapse elaboration is initiated (Doyle et al., 1992; Foley et al., 2000; Roullet et al., 1997) . Concentrating on the hippocampal dentate gyrus, a brain structure known to be involved in the task studied (Ambrogi Lorenzini et al., 1997; Trivedi and Coover, 2004; Czerniawski et al., 2009 ), we observed a significant reduction in synapse number in rats injected with A␤-containing 7PA2 CM at 9 h post-training but not at the 3 h post-training time. These findings are in keeping with the observed behavioural effects. Specifically, oligomers injected between 0 and 9 h posttraining exhibited impaired consolidation, but only injections at 6 and 9 h had a statistically significant effect and injections at 12 h had no effect. This suggests that the target of A␤ oligomers is involved in synapse formation and/or maintenance, is expressed in a highly time-dependent manner, and is most sensitive to A␤ between 9 and 12 h post-training.
Assuming that the half-life of human A␤, a parameter controlled by extracellular proteolysis, local uptake (by neurons and glia) and clearance from the brain, in the rat is similar to that determined in mice (∼2 h; Cirrito et al., 2003) the trend for decreased latencies in animals injected between 0 and 6 h may simply reflect differences in the effective concentration of A␤ present when its cognate target is maximally expressed. For instance, assuming the target is most sensitive at 9 h, then the concentration of oligomers persisting at this time point from injections made at 0, 3 and 6 h would be ∼5, 12.5 and 37.5%, respectively. Hence, the trend toward impairment evident in animals injected at 0 and 3 h post-training may be the consequence of the persistence of sub-toxic levels of oligomers.
Processing of information for long-term memory storage requires specific patterns of activity that lead to modification of synapse structure and eventually to change in neural connectivity (Lamprecht and LeDoux, 2004; Marrone, 2007) . Increases in synaptic density following learning have been documented for a number of different paradigms including the avoidance learning paradigm used in this study (O'Malley et al., 1998) . Indeed, it is well-established that synapses throughout the CNS are endowed with mechanisms to inte-grate synaptic activity levels over time and to convert these into signals that direct the maintenance and regulation of receptors and channels at synapses without which the ability to manipulate and store information becomes severely compromised (Malenka and Bear, 2004; Rao and Craig, 1997) . The need to re-expose the animal to the training stimulus in order to observe the amnesia induced by the A␤ oligomers further suggests their action to be mediated at the level of the synapse. Task re-exposure, memory reconsolidation, reconstitutes the memory trace into an active form to allow enhancement of retrieval or new information to be incorporated (Nadel and Land, 2000; Nader, 2003) . As precisely the same need for task re-exposure at 24 h is necessary to observe the amnesia induced by intracerebroventricular infusions of antibodies to synapse-specific proteins, such as NCAM or glycosylated variant (Doyle et al., 1992; Alexinsky et al., 1997; Foley et al., 2000; Seymour et al., 2008) , it further suggests A␤ to compromise synapse structure and/or function and to exert an enduring effect on the malleability of the memory trace. It is therefore likely that perturbation of synapse formation and/or damage to existing synapses may underlie the memory impairments typical of AD. Indeed the early and extensive synaptic loss evident in AD brain supports this conclusion (Ferrer and Gullotta, 1990; Terry et al., 1991) .
Our finding that A␤ oligomers can adversely alter synapses and disrupt the memory of learned behaviour is in keeping with previous studies that have demonstrated the deleterious effect of A␤ oligomers on memory (Cleary et al., 2005; Lesné et al., 2006; Poling et al., 2008) and synapse number (LaCor et al., 2007; Shankar et al., 2007; Calabrese et al., 2007) . However, what sets this study apart is the fact that we have for the first time linked memory impairment, a specific form of A␤ and an in vivo structural change. Of course memory and synapse impairing effects for A␤ had been inferred from studies using transgenic animals (Jacobsen et al., 2006; Mucke et al., 2000) , however, these studies are difficult to interpret due to potential complications or deleterious effects arising from the genetic manipulation itself and the lack of clarity about what form of A␤ is mediating the effect. In contrast, in the present study we are able to unambiguously assign the observed changes in synapse density and consolidation to sub-nanomolar concentrations of cell derived SDS-stable A␤ oligomers. The molecular mechanism by which these low-n oligomers mediate their effect remains to be established but this study suggests that a severe reduction in synapse number in the hippocampus may be responsible for the deficits in memory observed in AD.
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